Abstract: The primary objective of this research effort was to conduct a rutting performance-based comparison between limestone and basalt Superpave asphalt mixtures using dynamic creep rutting tests. Two sets of mixtures were prepared using limestone and basalt aggregate, mixed with one asphalt binder having a Superpave performance grade of PG 64-10. To overcome the stripping potential of the Superpave basalt asphalt mixtures, 1% by total weight of the basalt aggregate was replaced by hydrated lime for the filler portion of the aggregate. Rutting was evaluated at four different temperatures (40, 50, 60, and 65°C) and one loading frequency of 8 Hz. Rutting test results indicated that the basalt Superpave asphalt mixtures exhibited superior performance relative to the limestone Superpave asphalt mixtures. The difference in the rut depth at 19,200 loading cycles between the limestone and basalt asphalt mixtures was statistically significant at levels of α ¼ 1, 5, 1, and 0.5% for the temperatures 40, 50, 60, and 65°C, respectively. The difference in the rut depth at 200,000 loading cycles between the two asphalt mixtures was statistically significant at levels of α ¼ 1, 5, 0.1, and 0.1% for the temperatures 40, 50, 60, and 65°C, respectively. In addition, the difference in the number of loading cycles to rutting failure between limestone and basalt asphalt mixtures was also statistically significant at a level of α ¼ 0.1% for all temperatures.
Introduction
Rutting is considered to be one of the primary types of distresses affecting design life of hot-mix asphalt (HMA) pavements worldwide. In Jordan, limestone aggregate is the most common aggregate type. It is used in the construction of roads, and the Marshall mix design method is the only procedure that has been commonly used in the design of asphalt mixtures. Searching for other aggregate types that are available, including basalt aggregate, is becoming vital in Jordan.
Research studies conducted around the world have proven that aggregate consensus properties play an important role in controlling rutting. In addition, aggregate type and gradation are among the major factors that affect rutting occurrence in asphalt pavements.
Several researchers have used the basalt aggregate in asphalt mixtures for different purposes. Kandhal and Cooley (2002) and Buchanan (2000) found through mix design results that, on average, limestone produced mixes with lower voids in mineral aggregate (VMA) than those prepared with basalt aggregate (attributable to the crushing of limestone aggregate during compaction). Asi (2007) concluded that the use of basalt is preferred over limestone to improve the skid resistance of asphalt pavements. Al-Shweily (2002) in a comparison study indicated that the creep deformation of control mixes prepared using basalt aggregate was less than that for those prepared using limestone aggregate. Furthermore, Asi et al. (2009) evaluated the use of basalt in asphalt concrete mixes and found that basalt coarse aggregate, limestone fine aggregate and mineral filler, and 1% hydrated lime by total weight of aggregate was the optimal mix among the other mixes used in their study.
Several researchers have used hydrated lime in asphalt mixtures, particularly when basalt aggregate was used to reduce stripping and moisture sensitivity. For instance, Little and Epps (2001) studied the benefits of hydrated lime in hot-mix asphalt (HMA). They concluded that lime has the ability to improve the resistance of HMA mixtures to moisture damage, reduce oxidative aging, improve mechanical properties, and improve resistance to fatigue and rutting. Consequently, the addition of lime led to observed improvements in the field performance of lime-treated HMA pavements. Life cycle cost analyses in their study also showed that using lime resulted in approximate savings of $20/ton of HMA mix, whereas field performance data exhibited an increase of 38% in the expected pavement life. In addition, lime reduced stripping and acted as a mineral filler to stiffen the asphalt binder and HMA, which reduced rutting. Sebaaly (2007) investigated the effect of lime and liquid additives on the moisture damage of HMA mixtures. He concluded that the lime-treated HMA mixtures improved the rutting resistance of the undamaged HMA pavements for both the Nevada and California mixtures. McCann and Sebaaly (2003) also evaluated the mechanical properties of lime-treated HMA mixtures before and after multiple cycles of freeze-thaw moisture conditioning. The mechanical tests measured the resilient modulus, tensile strength, and simple shear. In addition, the three test procedures were compared for evaluating the moisture sensitivity of HMA mixtures. They concluded that with the addition of lime and after multiple cycles of freeze-thaw moisture conditioning, all asphalt mixtures demonstrated an enhanced ability to retain the original measured properties.
In this study, two types of aggregates, limestone and basalt, were used to produce Superpave asphalt mixtures. The two types of asphalt mixtures were evaluated for rutting performance using dynamic creep tests to compare basalt mixtures with limestone mixtures.
Basalt is a volcanic material, which is derived from the magma. Basalt can be used in many industrial applications and as construction materials. In Jordan, basalt is spread over different localities (Natural Resources Authority 2007) .
Objectives
The primary objectives of this study are the following:
1. Utilize the Superpave system to design limestone and basalt Superpave asphalt mixtures, 2. Evaluate limestone and basalt Superpave asphalt mixtures for rutting performance using the dynamic creep tests, and 3. Compare basalt asphalt mixtures with limestone asphalt mixtures in terms of rutting performance.
Methodology Fig. 1 shows a schematic representation of the experimental plan for this study. The experimental plan was conducted in four primary stages (Najib 2010) , as shown next. Stage 1 included collection, physical evaluation, and characterization of limestone from Al-Huson, basalt from Al-Hallabat, and asphalt binder PG 64-10 from Jordan Petroleum Refinery (JPR).
Results of this stage are shown in Tables 1 and 2 . Stage 2 covered the use of the Superpave mix design method to design limestone and basalt Superpave asphalt mixtures. Stage 3 covered the preparation of specimens for limestone and basalt asphalt mixtures using the Superpave gyratory compactor (SGC). Stage 4 included testing limestone and basalt Superpave asphalt mixtures for rutting performance, using dynamic creep tests to compare the results.
Evaluation and testing of limestone and basalt aggregates were performed using traditional and Superpave test methods. The traditional aggregate tests to measure the source properties included the following: specific gravity and absorption of coarse aggregate, specific gravity and absorption of fine aggregate, and Los Angeles (LA) abrasion. The Superpave aggregate tests to measure consensus properties included the following: flat and elongated (F&E) particles, coarse aggregate angularity (CAA), fine aggregate angularity (FAA), and sand equivalent (SE). Table 1 shows the results of the source and consensus aggregate properties for limestone and basalt aggregates.
Evaluation of the asphalt binder used in this study covered three stages. Stage 1 evaluated the asphalt binder using the traditional asphalt binder tests, including penetration, ductility, softening point, flash and fire points, and specific gravity. Stage 2 tested the asphalt binder using the Superpave asphalt binder tests, including the rotational viscosity (RV), dynamic shear rheometer (DSR), rolling thin-film oven (RTFO), pressure aging vessel (PAV), and bending beam rheometer (BBR) tests. Stage 3 classified the asphalt binder according to the Superpave asphalt binder performance grading system. A series of tests were performed in this stage, including the DSR test for fresh and RTFO asphalt binder at high temperatures, RTFO test for fresh asphalt binder, PAV test for RTFO asphalt binder, DSR test for PAV asphalt binder at intermediate temperatures, and BBR test for PAV asphalt binder at low temperatures. The performance grade for the asphalt binder used in this study was PG 64-10 according to the Superpave system. Table 2 presents the results of the traditional and Superpave tests for this asphalt binder. The design of limestone and basalt asphalt mixtures using the Superpave mix design method was conducted in this study. Details of the design process are not shown in this paper because they are beyond the paper's scope. However, the Superpave mix design procedure described in the Asphalt Institute (AI) SP-2 manual (1996) was followed in the design process. Table 3 presents the design asphalt binder content and the volumetric properties for both limestone and basalt asphalt mixtures designed using the Superpave mix design method. The volumetric properties include the voids in mineral aggregate (VMA), voids filled with asphalt (VFA), dust proportion (DP), percentage of theoretical maximum specific gravity (G mm ) at the initial number of gyrations (%G mm @N initial ), percentage of theoretical maximum specific gravity (G mm ) at the design number of gyrations (%G mm @N design ), and percentage of theoretical maximum specific gravity (G mm ) at the maximum number of gyrations (%G mm @N max ).
Materials
Limestone aggregate was a crushed limestone acquired from a quarry in the Shatana area in Al-Huson town, located in northern Jordan. Basalt aggregate was acquired from quarries in Al-Hallabat area in Al-Azraq city, located in southeastern Jordan.
The same aggregate gradation was used in this study for limestone and basalt for comparison purposes, as shown in Table 4 . Fig. 2 presents the 0.45 power chart for this gradation.
The aggregate gradation was selected based on the aggregate stockpiles and their sieve analysis obtained from the quarries and Superpave specifications for aggregate gradations with a nominal maximum aggregate size (NMAS) of 12.5 mm. The aggregate gradation used in this study passed between the control points and below the restricted zone (BRZ).
The source properties and consensus properties of both limestone and basalt aggregates used in this study were measured based on laboratory testing and evaluation for these two aggregates. Table 1 shows the results.
Hydrated lime was added to the basalt aggregate at 1.0% by total weight of aggregate to replace the filler portion. The addition of hydrated lime for basalt asphalt mixtures aimed at preventing stripping and improving the asphalt coating and bond between the basalt aggregate and the asphalt binder.
The asphalt binder used in this study was obtained from Jordan Petroleum Refinery (JPR) in Zarqa city of Jordan, with a penetration grade of 60=70 and a Superpave performance grade of PG 64-10. The physical and mechanical properties for this asphalt binder were measured based on laboratory testing for this material Note: G sb-Bulk = bulk specific gravity, G sb-SSD = saturated surface-dry bulk specific gravity, and G sa = apparent specific gravity. using traditional and Superpave asphalt binder tests. Table 2 presents the results.
Rutting Performance Testing

Preparation of Superpave Specimens for Rutting Tests
Specimens for rutting performance testing were prepared using the Superpave gyratory compactor (SGC). After determining the design asphalt binder content and measuring G mm at the design asphalt binder content, trial specimens for both limestone and basalt Superpave asphalt mixtures were prepared to achieve 4% air voids. The specimens (Fig. 3) were compacted using the height mode of SGC compaction. The height was fixed at 115 mm.
Dynamic Creep Tests
After preparing all rutting specimens using the SGC, the rutting performance test was conducted using the Universal Testing Machine (UTM) that is available in the authors' laboratory (Fig. 4) based on the following steps: 1. The dynamic creep test set-up was mounted in the UTM (Fig. 5 ). 2. Prior to the test, specimens were conditioned at the required test temperatures for a sufficient length of time, and linear variable differential transformers (LVDTs) were mounted on the specimen before testing. 3. Using the software templates for rutting performance testing, required settings and parameters of the UTM were entered. 4. The temperature of the chamber was controlled at the target test temperature using the UTM machine temperature controller. 5. An axial load of 2.5 kN, loading frequency of 8 Hz, and four different temperatures (40, 50, 60, and 65°C) were used. Three replicates were tested at each condition. 6. The data acquisition system (DAS) of the UTM during the test collected the test data from the different channels. Fig. 6 illustrates typical rutting test data. 7. In dynamic creep testing, asphalt mixtures typically experience three stages of rutting, as schematically illustrated in Fig. 6 . 8. The dynamic creep test was conducted until the specimen reached failure (tertiary stage). The primary stage, also known as the initial stage, is the first stage that identifies the initial effect of loading cycle on the specimen, and in which the compacted asphalt mixture experiences additional compaction because of the vertical loading applied axially on the specimen. In this stage, the slope is high, which represents a rapid increase in the rut depth, whereas in the second stage, the actual rut takes place in the asphalt mixture because of the effect of 
Reduction of Test Data
This section concerns the methodology used to reduce the test data obtained from the unconfined dynamic creep tests for rutting performance and the analysis methods used to present the final results for rutting for both types of Superpave asphalt mixtures (the limestone and the basalt aggregate asphalt mixtures).
After conducting the tests and calculating the averages of three replicates for each condition, rut depth (RD) was plotted versus the number of loading cycles (ND) (Fig. 8) , and models were developed using statistical regression analysis techniques (linear or non-linear).
Based on the results obtained from each condition for both limestone and basalt aggregate asphalt mixtures using the dynamic creep tests, several plots were prepared in a manner intended to show the differences between the behavior of both materials at different conditions.
The failure point for rutting (the number of loading cycles to rutting failure) was identified based on the criterion and method described in Al-Khateeb and Basheer (2009) . In this method, the onset of the secondary and tertiary stages may be obtained graphically by extending tangents of the nearly linear segments around the transition point. The corresponding N in which the two tangents intersect can then be determined on the x-axis.
Test Results and Analysis
Three parameters were obtained from the dynamic creep tests to compare the two types of asphalt mixtures: the rut depth (RD) at 19,200 loading cycles, the rut depth (RD) at 200,000 loading cycles, and the number of loading cycles to rutting failure as described previously. The 19,200 loading cycles was selected because it was used in the literature for the Hamburg wheel tracking device (HWTD) rutting test for different asphalt mixtures and found to be a reasonable number of loading cycles to differentiate between the rutting performance of asphalt mixtures. Table 5 presents the rut depths for both limestone and basalt Superpave asphalt mixtures at 19,200 and 200,000 cycles at the four temperatures.
The reduction in the rut depth at 19,200 cycles between limestone and basalt asphalt mixtures at the four test temperatures was determined, as shown in Table 5 . It ranged between 50 and 75%, which is considered a dramatic decrease in rutting when the basalt aggregate is used. Fig. 9 illustrates in a histogram the difference in behavior of both limestone and basalt Superpave asphalt mixtures at 19,200 cycles. In contrast, obvious longer rutting life was obtained for basalt asphalt mixtures over limestone asphalt mixtures, and that was clear from the low values of rut depths at 200,000 cycles for basalt mixtures compared with limestone mixtures, as shown in Table 5 . This indicates a reduction in the rut depth at 200,000 cycles between limestone and basalt asphalt mixtures of 78, 57, 88, and 92% at the temperatures 40, 50, 60, and 65°C, respectively.
Statistical hypothesis testing was also conducted using the t-test to check if the differences in the rut depths between the basalt asphalt mixtures and the limestone asphalt mixtures were significant. Table 5 summarizes the results of the t-test hypothesis Fig. 7 . Specimen before and after unconfined dynamic creep rutting test cycles between the two mixtures was statistically significant at levels of α ¼ 1, 5, 1, and 0.5% for the temperatures 40, 50, 60, and 65°C, respectively. In contrast, the difference in the rut depth at 200,000 cycles between the two mixtures was statistically significant at levels of α ¼ 1, 5, 0.1, and 0.1% for the temperatures 40, 50, 60, and 65°C, respectively.
The relationship between rut depth and number of loading cycles was also plotted at the four test temperatures for both limestone and basalt asphalt mixtures, as shown in Figs. 10(a and b) . The basalt asphalt mixtures were superior relative to the limestone asphalt mixtures, particularly at the temperatures 60 and 65°C. For limestone asphalt mixtures, rutting failure took place for these two temperatures (60 and 65°C) at 48,000 and 37,000 loading cycles, respectively. In contrast, for basalt asphalt mixtures at the same temperatures (60 and 65°C), failure occurred at 167,800 and 147,400 loading cycles, respectively. This difference between the two mixtures was statistically significant at a level of α ¼ 0.1% for all temperatures (40, 50, 60, and 65°C) . Table 6 summarizes the results for the statistical hypothesis testing using the t-test. Table 6 presents the results for the number of loading cycles to rutting failure for both asphalt mixtures. The increase in the number of loading cycles to failure between limestone and basalt asphalt mixtures was 106, 104, 250, and 298% at the temperatures 40, 50, 60, and 65°C, respectively.
Statistical models were developed between rut depth (RD) and number of loading cycles (ND) at the four temperatures using regression analysis techniques. The secondary stage was used in this analysis because it represents the actual rutting that takes place for asphalt mixtures. The other two stages of rutting are used to determine the transition points between the primary and secondary stages and between the secondary and tertiary stages, in addition to the failure point when flow or damage of the asphalt mixture occurs. Tables 7 and 8 summarize the models developed for limestone and basalt asphalt mixtures, respectively. The linear model was the best type to fit the rutting results in the secondary stage. The coefficient of simple determination (r 2 ) for these linear models was high and ranged from 0.86-0.95 and 0.83-0.99 for basalt and limestone mixtures, respectively.
By plotting the rut depth versus the test temperature in a scatter plot, and fitting the best-fit model for both sets of data (Fig. 11) , the Note: t exp = calculated t value from experiment, t-stat (df, a) = statistical t value at df degrees of freedom and α level. authors found that the relationship between rut depth and temperature is exponential for limestone asphalt mixtures and linear for basalt asphalt mixtures. The coefficients of simple determination (r 2 ) for these two models are 0.992 and 0.999, respectively. With the increase in temperature, rutting always increased. However, the type of this relationship and the rate of increase or change in rutting are crucial for the different types of asphalt mixtures. In other words, the occurrence of rutting is normal at high temperatures, but the rate of change in rutting is important to determine the rutting life and performance of asphalt mixtures. Therefore, it was necessary to investigate the major difference in the rate of change in rutting with temperature between limestone and basalt asphalt mixtures.
The developed models indicate that basalt asphalt mixtures do not accumulate rutting (permanent deformation) fast with the increase in temperature; the behavior is linear. In contrast, limestone asphalt mixtures do rut faster with the increase in temperature in an exponential form. Wherever there is a dramatic change in temperature, basalt mixtures rather than limestone mixtures are recommended to prevent a rapid rate of change (increase) in rutting occurrence for asphalt pavements.
Figs. 12-15 describe a pair comparison in rutting behavior between limestone asphalt mixtures and basalt asphalt Note: ND RF = number of loading cycles to rutting failure. Note: RD = rut depth (mm), and ND = number of loading cycles. Finally, statistical analysis for the rutting test results was conducted using the analysis of variance (ANOVA) method. Based upon the number of variables (type of aggregate and temperature), two-staged nested design was used for rutting test results. Table 9 presents a brief summary of this design. Both the type of aggregate and the test temperature exerted a statistically significant effect on the rutting behavior of asphalt mixtures, which was obvious from the very high value of F o over the value of F critical .
Conclusions
Based on the analysis and results of this study, the following conclusions were drawn:
1. Basalt asphalt mixtures are superior relative to limestone asphalt mixtures in terms of rutting performance. This was obvious when the rut depths for basalt mixtures were compared with those for limestone mixtures at the four test temperatures and 19,200 loading cycles. The difference in the rut depth at 19,200 cycles between limestone and basalt asphalt mixtures was statistically significant at levels of α ¼ 1, 5, 1, and 0.5% for the temperatures 40, 50, 60, and 65°C, respectively. The reduction in the rut depth at 19,200 loading cycles between limestone and basalt asphalt mixtures was significant and ranged from 50-75%. 2. The difference in the rut depth at 200,000 loading cycles between limestone and basalt asphalt mixtures was statistically significant at levels of α ¼ 1, 5, 0.1, and 0.1% for the temperatures 40, 50, 60, and 65°C, respectively. 3. The reduction in the rut depth at 200,000 cycles between limestone and basalt asphalt mixtures was 78, 57, 88, and 92% at the temperatures 40, 50, 60, and 65°C, respectively. 4. The difference in the number of loading cycles to rutting failure based on the tertiary stage transition point criterion between limestone and basalt asphalt mixtures was statistically significant at level of α ¼ 0.1% for all temperatures (40, 50, 60, and 65°C). 5. The relationship between rut depth and number of loading cycles during the secondary stage of rutting was linear for both limestone and basalt asphalt mixtures, with a high coefficient of simple determination that ranged from 0.83-0.99 and 0.86-0.95 for limestone and basalt mixtures, respectively. 6. At 8 Hz loading frequency, the relationship between temperature and rutting life was highly significant (r 2 ¼ 0.992 and 0.999 for limestone and basalt mixtures, respectively). 7. The rate of change (increase) of rutting with temperature was significantly different between limestone asphalt mixtures and basalt asphalt mixtures. For basalt asphalt mixtures, the rutting behavior with temperature was linear; in contrast, it was exponential for limestone asphalt mixtures. Consequently, limestone asphalt mixtures may be risky to use for highways in areas where dramatic changes in temperature occur during summer. In contrast, basalt asphalt mixtures may be more reliable in this scenario. 8. As the temperature increased, differences between limestone and basalt asphalt mixtures in terms of rutting performance were significantly higher. 9. Basalt seemed to be able to solve rutting problems for asphalt mixtures in Jordan. Asphalt pavements of major highways in Jordan experience medium to high severity rutting (permanent deformation), particularly those highways that carry heavy vehicular loadings and connect Jordan to neighboring countries such as Iraq, Saudi Arabia, and Syria. 
